This study is among the first to examine the genesis of the seafloor and subsurface undulations on the Adriatic continental shelf by integrating stratigraphic information and in situ and laboratory geotechnical measurements. Interpretation of sediment behavior is based on a 32-m-long borehole crossing (1) a possible shear plane and (2) a silty clay layer at about 20 m below seafloor (mbsf) on which sediment undulations are rooted and could be interpreted as a potential weak layer succession. Our main results in terms of triggering mechanism for the observed undulations show that under an earthquake, liquefaction and/or failure of the silty-clay sediments (weak layer) leading to deformation of the upper more cohesive sediments is possible only when such a layer is buried by less than 5 m. For greater burial thicknesses, this silty clay becomes stable under the confining lithostatic pressure exerted by the overlying sediment. This work shows that the seafloor and subsurface undulations observed in the study area are most probably the result of an early deformation process of the seafloor followed by a depositional process.
INTRODUCTION
Undulated sediment features are commonly observed on the seafloor deep below the wave base in muddy prodeltas [Correggiari et al., 2001; Lee et al., 2002; Mosher and Thomson, 2002; Cattaneo et al., 2004; Urgeles et al., 2007] . Some authors argue that those features are sediment waves induced by bottom currents and/or hyperpycnal flows [e.g., Trincardi and Normark, 1988; Bornhold and Prior, 1990; Lee et al., 2002; Berndt et al., 2006; Urgeles et al., 2007] , others identify those areas as sediment deformation structures, creep and/or early signs of slope instability [e.g., Lee et al., 1981; Field and Barber., 1993; Baraza and Ercilla, 1996; Chiocci et al., 1996; Gardner et al., 1999; Correggiari et al., 2001 ], or as a result of a combination of deformation and depositional processes [Faugères et al., 2002; Gonthier et al., 2002; Cattaneo et al., 2004] . This debate has been especially intense in areas such as the 1999], and the Llobregat River prodelta off Barcelona [Urgeles et al., 2007] . In the Adriatic, offshore Ortona, the sediment undulations are not only accompanied by free gas in the sediment and relatively high-sedimentation rates, but are also located in an area of frequent earthquake activity that might have acted as a triggering mechanism for deformation [Correggiari et al., 2001] .
In many areas of the Western Mediterranean Sea, sediment undulations have been described as being rooted at the last Maximum Flooding Surface (mfs) [Díaz and Ercilla, 1993; Ercilla et al., 1995; Chiocci et al., 1996; Correggiari et al., 2001; Cattaneo et al., 2004; Urgeles et al., 2007] , and this remarkable sedimentary surface, marking the onset of the present sea level highstand at the base of modern prodeltas, could represent a change in the physical properties of the sediment and a possible explanation for the origin of the undulations. The maximum flooding surface at the Adriatic site is particularly well imaged on seismic reflection profiles, has been correlated regionally and was sampled at several distal locations where prodelta deposits thin out. Here we show, for the first time and thanks to a drilling operation (PROMESS 1 -June-July 2004), a continuous sedimentary record through this surface at exactly the site where sediment undulations have their maximum expression.
We used undisturbed samples from the PROMESS1 borehole and cone penetration tests to evaluate the mechanical properties of the sediment within the undulated sediment section and at its base. We then modeled the effect of an earthquake of plausible magnitude for this site to reconstruct the mechanical behavior of the sedimentary units within and below the undulations.
The drilling site PRAD2 was selected in the central segment of western Adriatic margin, immediately off Ortona (Figure 1 ), in an area characterized by seafloor and subsurface undulations. At this site, sediment deformation and/or submarine currents are likely to have a major impact on the observed sedimentary features. In situ geotechnical measurements and sediment samples were recovered from this site in order to characterize 1) possible shear planes affecting the Adriatic prodelta mud wedge; and 2) the base of the mud wedge, the maximum flooding surface interpreted as a potential weak layer along which deformation of the above sedimentary units might occur .
GEOLOGICAL CONTEXT AND SEAFLOOR FEATURES
The Adriatic region represents a foreland basin formed during the Cenozoic, as a consequence of the convergence between the African and European plates [Channel et al., 1979] . The Apennine chain was built in this geodynamic context and consists of an arcuate thrust belt with convexity toward the Adria-Africa foreland, where the thrusts show different size and curvature that progressively change their orientation [Cinti et al., 2004] . Seismicity is concentrated in the central and southern Apennines. At about 200 km west of the study area, a highly seismically-active central Apennine zone (Umbria) is characterized by moderate magnitude (M < 6) and rare large magnitude (M > 6) earthquakes [CPTI Working Group, 1999 . At about the same distance towards the SE (Figure 1 ), historical and recent Sultan et al. 13/12/2007 seismicity is documented north of the Gargano promontory with low magnitude (M < 4)
earthquakes [Console et al., 1993] . An evaluation of the tectonic activity recorded offshore in the central Adriatic is in Ridente and Trincardi [2006] .
Late Quaternary deposits on the Adriatic shelf record glacio-eustatic cycles; the most recent of these sequences formed during the last ca. 20 kyr, when a rapid sea-level rise shifted the shoreline from the lowstand position of the Last Glacial Maximum to the modern highstand location. In the central Adriatic, several transgressive and highstand deposits have elongated depocenters along the coast as a consequence of the location of the main sediment entry points (the Po river and several smaller Apennine rivers) and a counter-clockwise circulation [Cattaneo and Trincardi, 1999] .
During the late Holocene, a progradational mud wedge up to 35 m in thickness deposited along the western side of the Adriatic basin. This mud wedge has an overall clinoform geometry with a submerged offlap break in ca. 25 m water depth and deposited on a flat surface, whereas the average slope angle of the foresets is 0.5 degree. The mud wedge is composed of a basal unit (ca. 1 m thick) overlain by three sigmoidal prograding units; the base of the mud wedge is a regional downlap surface that represents the time of maximum sea level highstand dated ca. 5.5 ka BP [Correggiari et al., 2001] . Shallow gas of biogenic provenance was sampled at several locations along the mud wedge, in association with acoustic masking of seismic-reflection profiles [García-García et al., 2007] .
Over large areas (more than 250 km parallel to the coast, between ca 30 and 110 m water depth), the basal unit is acoustically transparent and topped by a discontinuous reflector showing lateral variations in seismic amplitude, likely because of the presence of shallow gas and fluid escape . In these areas, seafloor and subsurface undulations affect the whole stratigraphic section of the mud wedge or selective sub-units [Correggiari et al., 2001] . Seafloor and subsurface undulations occur in water depths of ca 30 to 70 m with strikes that are sub-parallel to the regional bathymetric contours [Correggiari et al., 2001; Cattaneo et al., 2004] . These undulations are associated with small-scale mud reliefs in water depths of 70 to 110 m, with preferred crest orientations that are perpendicular to regional contours [Marsset et al., 2003] .
GEOTECHNICAL MEASUREMENTS AND METHODS

In situ testing: CPTU
In the Cone Penetration Test (CPTU) a cone, with an instrumented sleeve above it, is pushed through a series of rods into the sediment layers at a constant rate. A continuous measurement is made of the cone resistance qc, the sleeve friction fs, and the pore pressure u 2 measured by means of a porous filter located immediately behind the cone (called U2 type cone). The electric cones used by Fugro on board the R/V Bavenit during the PROMESS cruise gave a continuous measurement over successive lengths of 3 meters. The geometry of the used cone penetrometer with tip, sleeve and pore pressure filters follows the International Reference
Test Procedure for Cone Penetration Testing [ISSMGE, 1999] .
The primary objective of hole PRAD2-3 was to mechanically characterize one probable shear plane (from a series of possible shear planes) that were identified from seismic reflection data ( Figure 1 ). For this, the soil hydro-mechanical parameters of the first 32 meters of the sediment column were determined using in situ CPTU measurements (for location see Table   1 ). Eleven CPTU sequences around 3 meters each were carried out ( Figure 2 and Figure 3 ).
Unfortunately, instrument failure resulted in invalid data for the upper 15 m and a new, deep CPTU hole (PRAD2-6) was drilled at the same site. To guarantee continuous recovery between holes PRAD2-3 and PRAD2-6, the latter was drilled to 18 mbsf. Thus, six CPTU sequences were obtained at this hole. 148   149   150   151   152   153   154   155   156   157   158   159   160   161   162   163   164   165   166   167   168   169   170 An experimental program on undisturbed marine sediments from holes PRAD2-5 and PRAD2-6 (for location see Table 1 and Table 2 ) was also carried out. Its specific aim was to identify the key mechanical and physical parameters of the sediments that form the undulations in the study area so as to determine whether a genesis by deformation of the sediment column is possible or not. The detailed laboratory geotechnical investigations included:
Laboratory testing
1-Classification tests; 2-Strength tests under static and dynamic loading; 3-Consolidation/permeability tests
Index properties
Classification tests included unit weight and moisture content determinations, grain size analysis and Atterberg limit tests. The results of the classification tests are presented in Figure   4 . The unit weight profile presented in Figure 4 -a is obtained from the GEOTEK core logging device [MSCL, www.geotek.co.uk] based on a gamma ray source and detector for measuring the attenuation of gamma rays through the core. The P-wave velocity profile of Figure 4 -c was obtained from a celerimeter device allowing direct measurement of the P wave velocity by insertion of two transducers spaced by a known distance into the sediment. The Atterberg limits and plasticity index were determined using a fall cone according to the method of Feng [2001] .
Strength tests
Shear strengths determined from laboratory tests were regularly performed using the torvane, the fall cone and, the shear vane devices (UU: Unconsolidated Undrained tests). In addition to 
Static triaxial tests
Shear-strength parameters were measured to assess whether drained or undrained instability could be at the origin of the observed sediment undulations. Intact values of c' (effective cohesion) and ϕ (internal friction angle) were determined from consolidated undrained (CU) triaxial shearing tests [e.g., Germaine and Ladd, 1990] made at various confining pressures (20-100 kPa) on samples from holes PRAD2-5 and PRAD2-6 (appendix A1).
Cyclic triaxial tests
Assessing the potential for triggering or initiation of sediment liquefaction and degradation of soft clays under cyclic loading has been a problem of major concern since the early 1960s.
Under the effect of an earthquake, the sediment dynamic behavior is influenced by the intensity and duration of the cyclic loading and the state of the sediment (the grain size distribution, the presence or absence of a clay fraction, the consolidation state, and the degree of saturation). Cyclic loading may lead to degradation or cyclic softening failure of soft clays [e.g. Pestana et al., 2000] and the liquefaction of sandy silty sediments [Ishihara, 1985] .
Liquefaction failure over gentle slope enhances lateral spreading, ground settlement and sometimes generates sand boils [Varnes, 1978] . Boulanger and Idriss [2006] have recently defined a new criteria based on the stress-strain behavior for distinguishing between silts and clays that are susceptible to liquefaction versus cyclic softening failure. Boulanger and Idriss [2006] show that the transition between liquefaction (sediments that behave more like sands) and cyclic softening failure (sediments that behave more like clays) depends strongly on the plasticity indices (PI) of the sediment. [2006] found that clay-like behaviour (cyclic softening failure) occurs for fine-grained soils that have PI greater or equal to 7. Sediments from PRAD2 borehole In order to evaluate the liquefaction/failure potential, two primary seismic variables are required. These variables are the level of cyclic stress induced by the earthquake on a sediment layer, expressed in terms of cyclic stress ratio (CSR), and the capacity of a sediment layer to resist liquefaction and softening failure, expressed in terms of cyclic resistance ratio (CRR).
Boulanger and Idriss
Evaluation of the cyclic resistance ratio (CRR) has developed along two specific areas of research: methods based on the results of laboratory tests, and methods based on in situ tests and field observations of liquefaction behavior in past earthquakes. In laboratory testing, the number of shear stress cycles is the basis for expressing the resistance of sediment to the initiation of liquefaction and cyclic softening failure.
Using the cyclic triaxial test, the Cyclic Resistance Ratio (CRR) corresponds to the cyclic stress ratio amplitude (=σ d,cyc /2σ' 30 where σ d,cyc is the cyclic deviator stress and σ' 30 is the effective minor principal stress at the end of consolidation). The potential for liquefaction can then be evaluated by comparing the earthquake loading (CSR) with the liquefaction resistance (CRR). The ratio between both values is the factor of safety against liquefaction.
Fifteen cyclic triaxial tests were carried out at different Cyclic Stress Ratios (CSR) ( Table 3) on samples from cores PRAD2-5 and PRAD2-6. Samples were isotropically consolidated to ) and the surrounding matrix clayey sediment in order to understand stratigraphic controls in the genesis of the observed features (for more details see appendix A2). In this work, liquefaction is considered to occur for excess pore pressure equal to 90% of the initial confining stress: according to Ishihara [1993] , silty sands or sandy silts containing some amount of fines may behave as liquefiable materials with an excess pore pressure values equal to 90 to 95 percent of the initial confining stress.
Consolidation/permeability tests
Nine oedometer-consolidation tests were carried out at Site PRAD2 in order to characterize the consolidation state and pore pressure in the sediment column. Oedometer tests were conducted according to the ASTM D-2435 method [ASTM, 1993] . The determination of the hydraulic conductivities and permeability coefficients were also possible using the falling head method. relatively high cone resistance, high friction and low excess pore pressure. According to Robertson [1990] , these features are characteristic of coarser material (silty sediment). In order to recover additional sediment from this particular layer, 1.6 m of sediment were cored at hole PRAD2-6 between 19.75 mbsf and 21.35 mbsf. There is a maximum shift of 0.7 kN/m 3 between the two profiles from the seafloor to 23 mbsf, followed by a very good agreement between the two profiles. The unit weight profiles ( Figure   2 -d) show a sudden increase at around 25.9 mbsf, which corresponds to a change in sediment type (from finer to coarser). The boundary between these two sediment types was observed at 27.5 mbsf, based on CPTU data at hole PRAD2-3, which is only 9 m distant from PRAD2-5.
From index properties
The increase in unit weight with depth at around 26 mbsf is supported by the grain size distribution profile presented in 
From shear strength
The undrained shear strength profile presented in meters can be observed between the Su peak and the depth of the interface between undulations as identified from the seismic data in Figure 5 . This interface did not have an expression on the CPTU measurements. Figure 6 shows the variation of CRR as a function of the cycles to liquefaction or cyclic softening failure. Comparison between the three curves in Figure 6 shows clearly three different behaviors as explained in appendix A1. Figure 6 illustrates the example of an earthquake of magnitude 6.8 at 50 km epicentral distance with 16 significant cycles according to the empirical regression equations given by Liu et al., [2001] . Figure 6 shows that failure may occur under CSR of 0.36 for level 3 and CSR of 0.46 for level 2. The surrounding clayey sediment cannot fail under an earthquake equivalent to 16 loading cycles.
DISCUSSION
Sedimentation rate, excess pore pressure and consolidation state
In normally pressured geological formations, the sediment is permeable and the fluid can communicate through the different layers. The pore water is free to escape during consolidation; thus the fluid pressure is hydrostatic. For over-pressurized layers, the permeability of the sediment is low and restricts fluid circulation. In these layers, an increase in sediment loading is transferred in part from the sediment matrix to the pore water. Thus, the pore water partially supports the overburden pressure, which prevents the pores from compressing under the weight of the overburden. The normal consolidation phenomenon is retarded and the sediment is in an under-consolidated state. Figure 7 shows the Over-Consolidation Ratio (OCR is defined as the ratio of the preconsolidation stress to the effective stress calculated from the unit weigh profile) derived from the oedometer tests indicating that the sediment is in an under-consolidated state. Two different under-consolidation states can be clearly identified from Figure 7 where the OCR is between 0.9 and 1 for the upper 4 points (between the seafloor and 8 mbsf) and underconsolidated for the lower 3 points (below 14 mbsf). The results are qualitatively supported by consolidation state estimates carried out using Skempton's equation [Skempton, 1954] , which relates the consolidation state to the undrained shear strength and plasticity indices.
Using this Skempton [1954] approach, the consolidation profile shows nearly normally consolidated to slightly over-consolidated sediments within the upper part of the sedimentary column, whereas under-consolidated sediments are present in the lower part of the profile. From the sedimentation rate, the porosity, the permeability and the bulk unit weight of the sediment, it is also possible to estimate theoretically the evolution of excess pore pressure and stress state over the sediment column. In order to evaluate the origin of overpressures in the Adriatic sedimentary column, we used the SeCo software, [Sultan et al., 2004 and Leynaud et al., 2007] which solves consolidation equation using a finite difference model.
The SeCo software uses an upper moving boundary, simulating continuous sedimentation, in combination with the principle of effective stress (σ' v ), which in porous media is the difference between the total stress (σ v ) and the pore fluid pressure (u). The link between the void ratio e and the vertical effective stress is considered through the compression index (see The process of consolidation is directly related to the rate of excess pore pressure dissipation and the rate of sedimentation. The key equation used to evaluate the evolution of the excess pore pressure during the sedimentation process is the consolidation equation [Terzaghi and Peck, 1967] . (Figure 8) show that the sedimentation rate in the study area is too low to generate excess pore pressures as high as those measured in the consolidation tests. The excess pore pressure predicted from the observed sedimentation rate is too low to trigger alone instability and/or deformation that could account for the observed mud reliefs. However, an important mechanism that could contribute significantly to the excess pore pressure is earthquake shaking, which would also promote sediment remolding.
Earthquakes and liquefaction development as possible source of sediment deformation
Historical seismicity
The seismicity of the area is well known both from reports of strong historical earthquakes and from seismic sequences that have been recorded over the last few decades . Focal regions on land and offshore cluster along the main tectonic structures described above, reaching magnitudes typically between 5 and 6 on the Richter scale [Tinti et al., 1995; Tinti and Armigliato, 2003] . Earthquakes located offshore of the Gargano Promontory display very high energy releases with peaks greater than Richter magnitude 6.6; the largest seismic events have an estimated return interval of 228 years [Tinti et al., 1995] .
Major destructive earthquake shocks in historical times occurred in 1223, 1627 and 1731 AD [Postpischl, 1985] . According to Trincardi et al. [2004] and because much of the seismic activity is located offshore, the central Adriatic has been affected by large historical tsunamis, of which the 1627, 1646, 1731 AD and December 8, 1889 were the most devastating [Tinti et al., 1995] . Figure 9 , showing that maximum earthquake magnitude during the last 400 years is around 7. Palaeoseismic studies of faults in the central Apennine region suggest that this value was not exceeded during the Holocene [Pantosti et al., 1996; Galadani and Galli, 1999] . From the earthquake magnitudes and their respective distance to the study area, the Peak Ground Acceleration (PGA) was evaluated using Idriss' method [Idriss, 1993] 
A representative seismic ground motion record
Within the frame of the European project COSTA (2000) (2001) (2002) (2003) , an Ocean Floor ObServatory (OFOS) was deployed in order to investigate the effect of earthquakes on pore pressure in the upper soft sediment of the Adriatic continental shelf [Mienert et al., 2002] . With the OFOS two instruments were deployed: a 3-component Ocean Bottom Seismometer (OBS) for recording the seismic events and a PUPPI (Pop-Up Pore Pressure Instrument) to measure the pore pressure transients that might occur in the sediments in relation to a possible earthquake event [Schultheiss et al., 1985] . which is mainly related to the frequency and duration of an earthquake. Biscontin and Pestana [2006] have shown the importance of "selecting representative ground motions that include realistic combinations of distance, maximum horizontal acceleration and duration".
Effect of earthquake loadings on excess pore pressure and sediment deformation
Simulations of the effect of earthquake shaking on possible deformation from build-up of the pore pressure within the different sedimentary layers were carried out using Cyclic1D The sedimentary column at the PRAD2 site was divided into 6 layers, according to the hydromechanical parameters obtained from the different in situ and laboratory geotechnical tests (Table 5 ). The initial pore pressure was considered equal to the hydrostatic pressure. Figure   10 shows the seismogram recorded by OFOS [Mienert et al., 2002] Figure 4 -b) were not tested under cyclic triaxial tests, however from the plasticity index and the grain size distribution, its behavior was considered similar to that of level 2.
Under the earthquake seismogram recorded by OFOS [Mienert et al., 2002] and shown in Three additional analyses were carried out using the Cyclic1D software to define the critical depth of level 2 during deposition history at which an earthquake of similar frequency content and duration to that of July 2001 [Mienert et al., 2002] , but scaled to the maximum PGA observed during the last 400 years, would be able to produce deformation of the sedimentary column above it. Figure 11 shows the simulation results in terms of normalized excess pore pressure with respect to the vertical effective stress for the three investigated depths of level 2 ( 
CONCLUSION
The integration of stratigraphic information (geometry, sedimentary facies, chronology), in situ geotechnical measurements (CPTU), laboratory measurements of physical and mechanical sediment properties (classification tests, oedometer/permeability, static and cyclic triaxial compression tests) allowed a rigorous analysis of the mechanical behavior of the Adriatic prodeltaic sediments and an assessment of its response to seismic ground motions.
The main conclusions that can be drawn from this study are:
-The existence of a boundary at 9 mbsf between low and high undrained shear strength For sample S20 (Figure A 3) , taken from a clayey layer (Table 1) , the sediment was set to an effective confining pressure of 100 kPa and the applied cyclic shear stress was equal to 100 kPa. Cyclic softening failure occurred for sample S20 (shear strain greater than 20%) after 115 uniform cycles (Figure A 3) . For sample S1 from hole PRAD2-6 (Figure A 4) , obtained from the silty clay layer above the mfs (level 2), sediment was confined under an effective stress of 250 kPa and was loaded under an applied cyclic shear stress of 190 kPa.
Liquefaction (excess pore pressure greater than 90 % of the initial effective confining pressure) occurred for S1 after 84 uniform cycles (Figure A 4 ). The last example shows the cyclic tests carried out on sample S40 (Table 1) From oedometer tests From Undrained shear strength and Plasticity index (Skempton, 1957) Figure 7. 
